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1312Objective: Papillary muscle displacement relative to mitral annulus is pivotal in chronic functional ischemic mi-
tral regurgitation. Analysis of 3-dimensional papillary muscle displacement has relied on invasive measurement.
In this study, we used noninvasive clinically applicable 3-dimensional morphology cardiac magnetic resonance
imaging to define papillary muscle position in a 3-dimensional matrix.
Methods: Fifty pigs (approximately 50 kg) were subjected to posterolateral myocardial infarction and tachycar-
diac stress. Fourteen animals survived 6 weeks: 10 acquired chronic functional ischemic mitral regurgitation at
least grade II and 4 did not. Animals were examined by 3-dimensional morphology cardiac magnetic resonance
imaging, and dedicated software enabled assessment of anterior and posterior papillary muscle positions relative
to anterior and posterior trigones and posterior mitral annulus. Animals with functional ischemic mitral regurgi-
tation were compared with those without and with 10 healthy controls.
Results: Relative to controls, animals with functional ischemic mitral regurgitation at end systole had signifi-
cantly higher displacements of the posterior papillary muscle from anterior and posterior trigones in lateral
and posterior directions, and of anterior papillary muscle from anterior and posterior trigones in apical direction.
Relative to animals without functional ischemic mitral regurgitation, there was significantly higher posterior pap-
illary muscle displacement from posterior trigone in lateral direction. Interpapillary muscle distance was the stron-
gest predictor of regurgitant volume (r2 ¼ 0.85, P< .001).
Conclusions: Three-dimensional morphology cardiac magnetic resonance imaging enabled detailed analysis of
local left ventricular remodeling effects causing functional ischemic mitral regurgitation. (J Thorac Cardiovasc
Surg 2010;140:1312-8)Chronic functional ischemic mitral regurgitation (FIMR) is
observed in 20% to 25% of patients after acute myocardial
infarction,1 and long-term survival is directly related to its se-
verity.2 FIMR at the time of coronary artery bypass grafting
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The Journal of Thoracic and Cardiovascular Surzation.3 Furthermore, persistent or recurrent FIMR has been
reported in 13% to 59% of patients late after standard down-
sized ring annuloplasty,4 and optimal surgical treatment is
therefore still debatable.5 To improve surgical outcome the
fundamental mechanisms of chronic FIMR have been exam-
ined. Although the exact mechanism causing chronic FIMR
is still elusive, clinical6 and experimental7 studies have fo-
cused on 2 central pathways, annular dilatation and papillary
muscle (PM) displacement. Annular dilatation impedes leaf-
let coaptation by pulling the leaflets apart, most notably in
septolateral directions (Carpentier type I dysfunction). The
posterior PM has been shown to be displaced away from
the annulus in the lateral and posterior directions in FIMR ex-
perimental models7 and in patients.8 PM displacement causes
mitral valve tethering into the left ventricle (LV), which im-
pairs coaptation (Carpentier type IIIb dysfunction). Posterior
PM displacement9 and continued LV remodeling10 have
been shown to predict recurrence of FIMR after ring annulo-
plasty. Because standard downsized ring annuloplasty
primarily addresses annular dilatation and not PM displace-
ment, Kron and colleagues11 introduced surgical PM reloca-
tion as an adjunct procedure to downsized ring annuloplasty
to relieve leaflet tethering and potentially improve durability
of ring annuloplasty. PM geometry relative to mitral annular
structures varies among patients, however, depending ongery c December 2010
Abbreviations and Acronyms
3D ¼ 3-dimensional
FIMR ¼ functional ischemic mitral valve
regurgitation
LV ¼ left ventricle
MRI ¼ magnetic resonance imaging
PM ¼ papillary muscle
RegVol ¼ regurgitation volume
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Dbiologic variation and severity of remodeling. Therefore a de-
tailed preoperative 3-dimensional (3D) analysis of the entire
mitral valve apparatus is mandatory for planning surgical
strategy. Experimentally, this has been achieved by epicar-
dial ultrasonography,12 videofluoroscopy,13 and sonomicr-
ometry.14 These techniques, however, require direct
surgical access to the heart and therefore lack clinical applica-
bility. In the clinical setting, 2-dimensional echocardiogra-
phy is the preferred method of assessing PM position, and
3D echocardiography has recently been introduced15;
however, assessment of discrete geometric changes in PM
geometry requires very precise 3D positioning of scan planes.
Handheld echocardiographic probe positioning to assess sub-
valvular geometry is limited by the need for an appropriate
acoustic window and by operator experience, inducing high
risks of intraobserver and interobserver variability. Cardiac
magnetic resonance imaging (MRI) provides superior image
quality and allows operator-independent positioning of scan
planes with great accuracy in 3 dimensions without the need
for an acoustic window. In this study, we used a noninvasive
3D morphology cardiac MRI technique16 for detailed geo-
metric analysis of papillary muscle position in a pig model
of FIMR. We aimed to identify the subvalvular geometric
culprits responsible for the development of FIMR to provide
a surgical planning tool for dedicated correction of FIMR.
MATERIALS AND METHODS
This study was conducted as a long-term intervention–control study on
female Danish Landrace pigs. All animal experiments were conducted
according to the guidelines given by the Danish Inspectorate for Animal
Experimentation and after specific approval from this institution. Qualified
animal caretaker personnel monitored the health status of the animals at all
times during the study period. Analgesics were administered whenever an
animal showed any sign of pain. In cases of refractory pain or poor thriving,
animals were humanely killed.
Surgical Technique
The chronic FIMR animal model has recently been developed at our
institution.17,18 Figure 1 displays survival and inclusion of animals during
the study period. Fifty pigs weighing approximately 50 kg each were anes-
thetized with intramuscular injections of midazolam (0.5 mg/kg) and
ketamine (5 mg/kg). Then intravenous access was obtained through an
ear vein, and etomidate (Hypnomidate, 0.6 mg/kg) was given to allow intu-
bation. The animal was coupled to a ventilator, and sevoflurane inhalation
was adjusted to a minimum alveolar concentration of 1% for continuous an-The Journal of Thoracic and Caresthesia. A continuous fentanyl drip (10 mg/[kg $ h]) was used for analgesia.
Transthoracic echocardiography was performed to confirm mitral compe-
tence. Six animals were excluded for mitral regurgitation at baseline.
In the remaining 44 animals, a 7F sheath was placed in the right common
carotid artery with the Seldinger technique. Coronary angiography was
for performed, and a posterolateral LV wall infarction was induced by plac-
ing 2 to 3 metal coils in the circumflex artery proximal to the first obtuse
marginal. A loading dose of amiodarone (300 mg) and potassium chloride
(10 mEq) was given during the 20 minutes before induction of infarction
as prophylaxis against ventricular arrhythmias, and pancuronium bromide
(0.2 mg/kg) was given as muscle relaxant. Sixteen animals died of ventric-
ular fibrillation refractory to direct current conversion. Forty-five minutes
after coil placement, a pacemaker with a right ventricular lead was
implanted; starting on postoperative day 10, pacing intervals were
conducted to promote LV remodeling (2 sequences of 7 days of pacing at
160 beats/min and 7 days off). Cefuroxime (1.5 g) was administered both
preoperatively and postoperatively to prevent infection. Postoperative anal-
gesia was achieved with intramuscular injections of flunixin (INN flunixine,
0.4 mg/kg daily for 4 days) and acetaminophen (INN paracetamol , 1 g twice
daily for 14 days). Buprenorphine (0.3 mg/mL) was administered intramus-
cularly to animals showing signs of pain. Amiodarone (200 mg for 5 days)
was given to reduce the risk of arrhythmia. During the period of intermittent
pacing, animals were given furosemide (40 mg twice daily) to avoid pulmo-
nary congestion and potassium chloride (750 mg twice daily) to prevent
potassium depletion. Fourteen animals died or were humanely killed be-
cause of severe symptoms of heart failure during the next 6 weeks. Fourteen
animals survived 6 weeks to be returned to the laboratory and were sedated,
intubated, and coupled to a ventilator as described previously.
The presence of a mitral regurgitation jet was assessed by transthoracic
echocardiography (Vivid 7; GE Vingmed Ultrasound, Horten, Norway).
Severity of mitral regurgitation was graded as I through IV according to
the American Heart Association and American College of Cardiology
guidelines.19 Ten animals were considered to have FIMR of at least grade
II (FIMR-positive group), whereas 4 were not (FIMR-negative group).
The animals were then examined with cardiac MRI and subsequently allo-
cated to further study. Ten weight-matched healthy female pigs (53 kg)
served as controls. These animals underwent transthoracic echocardiogra-
phy and cardiac MRI. No control animals had mitral regurgitation.
Cardiac MRI
MRI was conducted with a Philips Achieva 1.5-T MR Scanner (Philips
Medical Systems BV, Best, The Netherlands), with electrocardiography
used to synchronize data acquisition. Cine images were used to assess
hemodynamics and mitral valve leaflet geometry and were acquired with
the Balanced Steady-State-Free-Precession sequence with 30 heart phases,
a slice thickness of 5 mm, a pixel size 2.0 3 2.0 mm2, a repetition time of
3.2 ms, an echo time of 1.6 ms, and a flip angle of 65. Aortic flow was
assessed with a 2-dimensional phase-contrast sequence with a slice thick-
ness of 8 mm, a pixel size 2.5 3 2.5 mm2, a repetition time of 5.1 ms, an
echo time of 3.1 ms, a flip angle of 15, and a velocity encoding of
100 cm/s, which prevented aliasing in all scans. No animals had aortic
regurgitation. The 3D morphology scans were acquired with the
Balanced Steady-State-Free-Precession sequence. The field-of-view was
330 3 330 3 130 mm3, the repetition time 4.0 ms, the echo time 2.0 ms,
and the flip angle 90. Online identification of end diastole and end systole
was necessary for planning of 3D morphology scans. End diastole was de-
fined as the time of R-wave onset in the electrocardiogram, and end systole
was defined as the time of maximum septal contraction.
Hemodynamics
LV stroke volume was obtained by subtracting LV volumes at end dias-
tole and end systole on the basis of a 12-slice cine short-axis scan covering
the LV from the apex to the center of the atrium. Mitral regurgitation volume
(RegVol) and regurgitation fraction was obtained by subtracting the LVdiovascular Surgery c Volume 140, Number 6 1313
FIGURE 1. Survival and inclusion. MRI, Magnetic resonance imaging;
FIMR, functional ischemic mitral regurgitation less than grade II;
þFIMR, functional ischemic mitral regurgitation of at least grade II.
FIGURE 2. Three-dimensional morphology cardiac magnetic resonance
imaging. Magnetic resonance imaging coordinates for trigone, annulus,
and papillary muscle positions (yellow arrows) were transferred to dedi-
cated mathematic analysis software. Annular plane (green) was defined
by trigones and least squares fit to annular hinge points. Anteroposterior
plane (blue) was defined perpendicular to annular plane and passing through
both trigones. Septolateral plane (yellow) was defined perpendicular to
annular and anteroposterior planes and passing through point midway
between trigones. Ptrig, Posterior trigone; Atrig, anterior trigone; PPM,
posterior papillary muscle; APM, anterior papillary muscle.
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Dstroke volume from the aortic flow. The LV sphericity index was calculated
as the ratio between the LV volume and a sphere with a diameter corre-
sponding to the base to apex distance on a long-axis cine scan at end diastole
and end systole.
Papillary Muscle Position
The 3D morphology cardiac MRI was performed with isotropic resolu-
tion of 1.72 mm along the 3 main axes (Figure 2, A). This allowed extraction
of any imaging plane within the imaging volume (Cardiac3D; Systematic
Software Engineering A/S, A˚rhus, Denmark).16,18 The software used to
analyze the 3D morphology scans enabled identification of any plane in
the imaging volume, thereby allowing identification of the mitral annular
plane, which was then translated into the left ventricle to define the
papillary muscle tips as the first substantial part seen. The spatial
positions of the anterior and posterior PMs, the anterior and posterior
trigones, and the posterior mitral annulus were defined at end diastole and
end systole, and corresponding Cartesian coordinates were transferred to
mathematic analysis software (LabVIEW 8.0; National Instruments,
Austin, Tex). All PM distances to trigone points (Figure 2, B), and annular,
anteroposterior, and septolateral planes (Figure 2, C) were calculated.
Statistics
Statistical analysis was performed by a professional biostatistician
(N.T.A.). Data from the control group and the FIMR-positive animals
were tested for normal distribution. The low number of animals in the
FIMR-negative group made it difficult to test the assumption of normal dis-
tribution; however, these animals represented a mix between control and
FIMR-positive animals, and we therefore assumed that normal distribution
was also present in the FIMR-negative group. Data are presented as1314 The Journal of Thoracic and Cardiovascular Surmean  SD. The control group and FIMR-positive animals were compared
with the Student t test. FIMR-positive and -negative animals were also com-
pared with the Student t test.
For the FIMR-positive animals at end systole, simple linear regression
was used to determine which geometric parameter of papillary muscle
position showed significant correlation with RegVol. Multiple lineargery c December 2010
TABLE 1. Hemodynamics
P value (vs FIMR-positive)
Control (n ¼ 10) FIMR-positive (n ¼ 10) FIMR-negative (n ¼ 4) Control FIMR-negative
Weight (kg) 53.0  3.8 54.6  2.8 52.8  3.1 >.20 >.20
LV ED volume (mL) 106.7  17.1 175.8  31.7 141.6  18.6 <.001 .069
LV ES volume (mL) 50.5  16.4 109.3  29.6 90.0  20.9 <.001 >.20
LV stroke volume (mL) 56.3  8.6 66.5  8.3 51.4  11.0 .014 .016
LV ejection fraction (%) 53.4  9.2 38.6  6.8 36.8  8.4 <.001 >.20
Heart rate (beats/min) 82.5  18.9 69.9  13.6 81.3  16.2 .10 .20
Cardiac output (L/min) 4.6  1.0 4.7  1.2 4.1  0.9 >.20 >.20
Aortic flow (mL/heart beat) 52.1  11.3 48.7  10.7 46.7  12.2 >.20 .77
Regurgitant volume (mL) 4.2  9.3 17.8  11.6 4.7  2.4 <.001 .049
Regurgitant fraction (%) 7.1  15.1 26.2  15.2 9.7  4.9 0.011 .059
ED sphericity index 40.6  5.8 59.2  10.8 57.3  11.9 <.001 >.20
ES sphericity index 26.7  6.5 48.9  11.6 49.9  12.7 <.001 >.20
All values mean  SD. FIMR, Functional ischemic mitral regurgitation; LV, left ventricular; ED, end-diastolic; ES, end-systolic.
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strongest predictor of RegVol.
All authors had full access to the data and take responsibility for its
integrity. All authors have read and agree to the article as written.
RESULTS
Echocardiography
The severity of mitral regurgitation in FIMR-positive
animals was on average grade II.
Cardiac MRI
LV function. Relative to the control animals, the FIMR-
positive animals had significantly higher LV end-diastolic
volume, LV end-systolic volume, LV stroke volume,
RegVol, regurgitation fraction, and end-diastolic and end-
systolic sphericity indices. They also had lower LV ejection
fraction. Compared with the FIMR-negative animals, the
FIMR-positive group had significantly higher LV stroke
volume and RegVol (Table 1).
PM position. Relative to the control animals, the FIMR-
positive animals had significantly greater distances from
each papillary muscle to each trigone and higher inter-PM
distances at both end diastole and end systole. The posterior
PM was significantly displaced in the lateral and posterior
axis directions at both end diastole and end systole. The
anterior PM was displaced significantly in the apical direc-
tion at end systole. Relative to the FIMR-negative animals,
the FIMR-positive animals had significantly greater poste-
rior PM displacement in the lateral direction and away
from the posterior trigone at both end diastole and end sys-
tole. Furthermore, the intertrigone distance was significantly
greater at end diastole (Table 2).
Determinants of Mitral RegVol
Simple linear regression revealed a significant positive
correlation of RegVol with inter-PM distance(r2 ¼ 0.84,
P < .001) and apical displacement of the anterior PMThe Journal of Thoracic and Car(r2¼ .56, P¼ .01; Figure 3). No other variables contributed
significantly. Furthermore, these distances were signifi-
cantly correlated with each other (r2 ¼ .58, P ¼ .01). Inclu-
sion of the 2 variables in a multiple linear regression model,
however, revealed that RegVol was only significantly corre-
lated with inter-PM distance(P ¼ .009) and not with apical
displacement of the anterior PM (P> .20).DISCUSSION
Previous observations with this chronic FIMR model
revealed Carpentier type I dysfunction as a result of annular
dilatation and IIIb leaflet dysfunction as a result of leaflet
tethering.18 To determine the key geometric culprits of ante-
rior and posterior PM displacement causing leaflet tethering,
we used a noninvasive 3D morphology cardiac MRI tech-
nique. Our analysis revealed that relative to a healthy control
group, the FIMR-positive animals had the posterior PM
displaced significantly away from the anterior PM and
both trigones in posterior and lateral directions. Further-
more, the anterior PM was displaced significantly away
from both trigones in the apical direction. The anatomic sub-
strate was a localized posterolateral LV wall infarction that
expanded with time as a result of tachycardiac stress.
Accordingly, we demonstrated a positive correlation be-
tween inter-PM muscle distance and RegVol. Furthermore,
significantly greater posterior PM displacement away from
the posterior trigone in the lateral direction was observed
in the FIMR-positive animals than in the FIMR-negative
animals. These findings confirm the geometric culprits iden-
tified in the ovine chronic FIMR model7 and show that the
clinically reported20 key role of posterior PM displacement
in patients with FIMR is also valid in our FIMR model.
The apical displacement of the anterior PM may be
explained by global LV dilatation caused by remote remod-
eling effects after regional myocardial infarction, LV vol-
ume overload from FIMR, and the LV-dilating effect ofdiovascular Surgery c Volume 140, Number 6 1315
TABLE 2. Papillary muscle position
P value (vs FIMR-positive)
Control (n ¼ 10) FIMR-positive (n ¼ 10) FIMR-negative (n ¼ 4) Control FIMR-negative
End diastole
Distances to reference planes
Annular plane–APM 18.7  2.7 22.3  5.3 21.0  2.9 0.073 >0.20
Annular plane–PPM 23.4  5.7 20.2  7.0 21.1  2.1 >0.20 >0.20
Anteroposterior plane–APM 15.2  5.7 19.4  7.7 17.7  10.4 0.18 >0.20
Anteroposterior plane–PPM 24.5  5.2 33.4  5.9 24.3  8.3 0.002 0.037
Septolateral plane–APM 17.6  2.8 19.5  5.9 16.5  3.9 >0.20 >0.20
Septolateral plane–PPM 8.0  4.3 15.5  8.0 16.9  4.8 0.018 >0.20
Distances to anatomic landmarks
APM-PPM 28.0  4.7 39.4  5.8 36.9  3.4 <0.001 >0.20
APM–anterior trigone 25.6  4.0 31.8  6.8 29.1  7.8 0.024 >0.20
APM–posterior trigone 38.0  3.5 43.8  4.8 39.4  4.0 0.006 0.13
PPM–anterior trigone 40.0  3.4 48.4  6.0 42.7  5.2 0.001 0.12
PPM–posterior trigone 35.2  2.2 40.8  4.2 33.7  4.9 0.001 0.017
Anterior-posterior trigone 21.7  3.3 23.2  2.1 20.2  2.0 0.26 0.03
End systole
Distances to reference planes
Annular plane–APM 16.7  3.4 22.1  5.1 20.3  2.5 0.011 >0.20
Annular plane–PPM 20.4  4.2 20.4  7.0 19.6  2.3 >0.20 >0.20
Anteroposterior plane–APM 15.3  5.5 19.5  7.8 17.2  13.2 0.18 >0.20
Anteroposterior plane–PPM 24.5  4.6 33.4  4.5 24.5  9.0 <0.001 0.026
Septolateral plane–APM 14.4  3.0 19.0  6.5 15.5  5.5 0.057 >0.20
Septolateral plane–PPM 7.1  3.0 14.5  8.0 15.6  9.1 0.018 >0.20
Distances to anatomic landmarks
APM-PPM 22.6  3.9 38.0  7.4 33.8  3.3 <0.001 >0.20
APM–anterior trigone 23.7  4.8 31.9  6.5 30.1  11.7 0.005 >0.20
APM–posterior trigone 33.8  4.8 43.1  5.7 37.7  3.8 0.001 >0.20
PPM–anterior trigone 36.4  3.4 47.6  6.5 42.4  4.5 <0.001 0.18
PPM–posterior trigone 33.1  2.8 40.7  4.4 33.0  6.0 <0.001 0.02
Anterior-posterior trigone 20.1  3.9 22.1  2.4 21.0  3.5 0.20 >0.20
All values are mean  SD in millimeters. FIMR, Functional ischemic mitral regurgitation; APM, anterior papillary muscle; PPM, Posterior papillary muscle.
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vestigated in this study, the asymmetric displacement of
the PMs theoretically would especially distort the postero-
medial aspects of the mitral valve corresponding to the
P2–P3 segment of the posterior leaflet, in accordance with
experimental and clinical observations. Furthermore, clini-
cal studies have shown that it takes less global remodeling
to produce chronic FIMR by asymmetric leaflet tethering
than by symmetric leaflet tethering.6 This underlines the
importance of addressing the 3D geometry of both PMs
and suggests an important role in FIMR for anterior PM dis-
placement as well as posterior PM displacement, which so
far has been the center of attention. It is plausible that later-
alization of leaflet tethering forces by posterolateral poste-
rior PM displacement and apical anterior PM displacement
in the FIMR-positive animals (increased inter-PM distance)
diverted the central parts of the leaflets away from closure
and thereby exacerbated the degree of incomplete mitral
leaflet coaptation and FIMR. According to this theory, the
less posterior PM displacement from the posterior trigone1316 The Journal of Thoracic and Cardiovascular Surin lateral direction (and tendency of shorter inter-PM
distance) in the FIMR-negative animals was not sufficient
to distort the central part of the leaflets to produce a signifi-
cant regurgitant jet.
Recent studies have shown that continued LV remodeling
is associated with recurrence of FIMR after ring annulo-
plasty.10 Furthermore, it has been reported that ring annulo-
plasty in itself can augment leaflet tethering.21 In this light, it
has been advocated that surgical repair that remodels sub-
valvular geometry should be added as an adjunct procedure
to downsized ring annuloplasty in FIMR. A number of tech-
niques have been proposed, including direct relocation of the
posterior PM with a stitch from the PM tip to the annulus,11
folding the LV wall at the root of the posterior PM,22 PM ap-
proximation,23 and epicardial balloon patch,24 among
others. To optimize adjunct procedures to downsized ring
annuloplasty, extensive preoperative mitral valve imaging
to identify the culprit lesion in both the anterior and posterior
PM geometry is mandatory. The noninvasive cardiac MRI
technique used in this study provides a tool for suchgery c December 2010
FIGURE 3. Correlation between anterior to posterior papillary muscle
(APM–PPM) distance and regurgitant volume (RegVol). Of all end-systolic
papillary muscle position parameters, anterior to posterior papillary muscle
distance showed strongest correlation with regurgitant volume. FIMR,
Functional ischemic mitral regurgitation less than grade II; þFIMR,
functional ischemic mitral regurgitation of at least grade II.
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of 3D PM position. The results suggest that a subvalvular re-
modeling procedure targeting specific geometric culprits of
PM displacement in this FIMR model should comprise an
approximately 7- to 12-mm relocation of the anterior and
posterior PMs toward the trigones. Furthermore, mitral
valve imaging should be repeated postoperatively to assess
whether the planned subvalvular remodeling has actually
been obtained. By comparing the outcome of surgery (free-
dom from recurrence of FIMR) with the actual obtained sub-
valvular remodeling, key elements in an optimal PM
relocation procedure could potentially be identified.Limitations
In this study, PM distances to defined anatomic landmarks
in the mitral annulus were assessed from a Cartesian coordi-
nate system with an external reference point (the MRI
scanner). In parts of the analysis, however, 3 internal refer-
ence planes were defined according to anatomic and moving
landmarks of the mitral valve apparatus (least squares fit to
the mitral annulus). As pointed out by Dagum and
colleagues,13 the use of internal reference planes can be
problematic because differences in mitral annular anatomy
among animals will result in different coordinate systems.
Furthermore, a coordinate system that is based on annular
points changes through the heart cycle because of the phys-
iologic changes in mitral annular shape. In this study, we did
not assess changes during the heart cycle; however, we did
compare different animals with internal reference planes.
We examined FIMR in pig hearts with large transmural
infarctions in LVs without collaterals but with tachycardia-The Journal of Thoracic and Carinduced dilatation. This FIMR model thus may represent
a hybrid between true ischemic FIMR and tachycardia-
induced cardiomyopathy and therefore may not fully reflect
a clinical scenario with long-standing coronary artery ath-
erosclerosis, collaterals, and coronary revascularization.
Animals were sedated during examination, which may un-
derestimate the severity of FIMR.
Assessment of mitral regurgitation with cardiac MRI has
not yet been perfected. In this study, we quantified mitral re-
gurgitation by subtracting the aortic flow from the stroke
volume. Although this method is considered the criterion
standard,25 it both is highly observer dependent and intro-
duces a potential source of error, as evidenced in this study
by the 2 animals in the control group (Figure 3) had high
RegVol assessed by cardiac MRI but no regurgitant jet on
Doppler echocardiography.
There were only 10 animals in each group, which limits
the power of regression analysis with many explanatory var-
iables. Furthermore, in the regression analysis of the anterior
to posterior PM distance and RegVol, 1 FIMR-positive ani-
mal was an outlier (Figure 3), which contributed a great deal
to making the correlation statistically significant.
This study contains a high number of statistical tests that
induce a multiplicity problem. We believe, however, that
the Bonferroni correction is conservative for hypothesis-
generating purposes. To accommodate the multiplicity prob-
lem, the P values for each test are stated in tables and text to
display the level of significance.CONCLUSIONS
With data obtained by a noninvasive 3D morphology
cardiac MRI technique, this comprehensive geometric
analysis of the mitral valve complex identified increased in-
ter-PM distance related to asymmetric displacement of the
anterior and posterior PMs as an important and independent
determinant of FIMR. When considering adjunct procedures
to ring annuloplasty, such as PM relocation, this clinically
applicable analytic technique potentially allows a more
detailed exploration of the pathogenesis of FIMR and may
prove a valuable clinical tool for preoperative planning of
a surgical strategy that is based on quantitative data and
not just intuition.
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